The molecular dynamics method, based on an empirical potential energy surface, was used to study the effect of catalyst particle size on the growth mechanism and structure of single-walled carbon nanotubes ͑SWNTs͒. The temperature for nanotube nucleation ͑800-1100 K͒, which occurs on the surface of the cluster, is similar to that used in catalyst chemical vapor deposition experiments, and the growth mechanism, which is described within the vapor-liquid-solid model, is the same for all cluster sizes studied here ͑iron clusters containing between 10 and 200 atoms were simulated͒. Large catalyst particles, which contain at least 20 iron atoms, nucleate SWNTs that have a far better tubular structure than SWNTs nucleated from smaller clusters. In addition, the SWNTs that grow from the larger clusters have diameters that are similar to the cluster diameter, whereas the smaller clusters, which have diameters less than 0.5 nm, nucleate nanotubes that are Ϸ0.6-0.7 nm in diameter. This is in agreement with the experimental observations that SWNT diameters are similar to the catalyst particle diameter, and that the narrowest free-standing SWNT is 0.6 -0.7 nm.
I. INTRODUCTION
Since the discovery of multi-walled carbon nanotubes ͑MWNTs͒ in 1991 ͑Ref. 1͒ and single-walled carbon nanotubes ͑SWNTs͒ in 1993, 2, 3 carbon nanotubes ͑CNTs͒ have been the focus of much scientific interest because of their unique physical and chemical properties, as well as their potential technological applications such as hydrogen storage, 4 electronic devices, 5 and chemical sensors. 6 Over the past decade there has been significant progress in CNT production methods, such as the mass production of well-aligned MWNTs, 7 the growth of high quality SWNTs, 8 the production of SWNT bundles that are several decimeters long, 9 and the growth of SWNTs that are millimeters in length. 10 In spite of this tremendous progress, the CNT growth mechanism is still poorly understood.
It is believed that the transition metal catalyst ͑e.g., Fe, Co, Ni, or their alloys͒ plays a key role in the growth of high quality, long CNTs. The catalyst particles, which are typically between 1 and 100 nm in diameter, can be on a substrate 11 or can ''float'' in a gas. 12 The role of these particles in the growth mechanism is described in the widely accepted vapor-liquid-solid ͑VLS͒ model, 13, 14 which was first proposed to explain the growth of carbon nanofibers in 1972. 15 According to this model, carbon that is evaporated from graphite or decomposed from carbon-rich gases ͑e.g., CO, C 6 H 6 , and C 2 H 2 ) dissolves into the liquid metal clusters, and when the metal-carbide clusters are supersaturated in carbon, carbon islands precipitate on the cluster surface and nucleate CNTs. Although the VLS model provides a simple explanation that captures the essence of CNT growth, it does not include atomistic details such as the mechanism of graphitic cap nucleation on the cluster surface, how the open end of the nanotube is maintained during CNT growth, how defects that may form in the CNT structure are healed, and what determines the diameter and chirality of the CNT. This poor understanding of the detailed growth mechanism hinders further progress in CNT production, such as the selective growth of nanotubes that have a specific diameter or chirality.
Recent molecular dynamics ͑MD͒ studies 16 -18 have provided a deeper understanding of the atomistic details of catalyzed CNT growth. Simulations where the interatomic forces were obtained directly from density functional theory ͑DFT͒ ͑Ref. 16͒ showed that dissolved carbon precipitates from the metal-carbide cluster to form a heptagon and pentagon on the cluster surface. The addition of carbon atoms to the end of a growing SWNT was also simulated. Obtaining the forces directly from DFT calculations at each trajectory step ensures high accuracy, but also limits the system size ͑less than 200 atoms were simulated͒ and the number and length of the trajectories ͑tens of picoseconds were simulated͒. The nucleation of the graphitic cap was thus not simulated in these studies. Simulations that are based on empirical potential energy surfaces ͑PESs͒ ͑Refs. 17 and 18͒ cannot capture the time dependence of the electron density, and the catalytic role of the transition metal cluster has thus not been studied. However, the role of the metal particle as a solvent and a template for CNT growth can be studied using these PESs. In addition, an ensemble of long trajectories that contain many atoms can be propagated. For example, the pioneering simulations by Maruyama and co-workers 17 showed that carbon can be dissolved in Ni clusters before precipitating to form SWNTs. As discussed below, we have developed an empirical PES that correctly reproduces the trends in the ironcarbide ͑FeC͒ phase diagram ͑that may be important for the precipitation of carbon from saturated iron-carbide clusters͒ and the decreasing cluster melting point with decreasing cluster size ͑which may be important in determining the phase of the catalyst particle at CNT growth temperatures͒. 19 Simulations based on this PES ͑Ref. 18͒ show that SWNTs nucleate on a Fe 50 C surface between 800 and 1400 K, which is similar to the temperature range needed to nucleate CNTs in catalyzed chemical vapor deposition ͑CCVD͒ experiments. The simulations also revealed atomistic details of the nucleation mechanism. In this contribution we use MD simulations based on the same PES to study SWNT growth from FeC clusters that contain between 10 and 200 Fe atoms.
II. METHODS

A. Potential energy surface
The PES used in this work has been detailed elsewhere, 18 and is briefly discussed here for the sake of completeness. A key aspect of the PES is that it distinguishes between the dissolved carbon atoms ͑inside the metal cluster͒ and the precipitated carbon atoms ͑on the cluster surface͒. The interaction between the dissolved C atoms is described by a Lennard-Jones 12-6 potential, which serves primarily to keep the C atoms dispersed in the iron solvent. The interaction between the precipitated atoms is described by the Brenner potential, 20 which has been used previously to study CNT dynamics, including SWNT growth from metal particles. 17 The Fe-Fe interactions are described by manybody potentials which are based on the second moment approximation of the tight binding model, 21 and which are known to be suitable for studying the thermal properties of pure 22 and alloy 23 transition metal systems. The interaction between the Fe atoms and the dissolved C is described by the Johnson potential where the parameters have been fit to experimental iron-carbide data. 24 This potential has been used previously to study C dissolved in liquid iron. 25 The interaction between the Fe atoms and the precipitated C is also described by the Johnson potential, but the interaction strength depends on whether the C atom is in the central part of the SWNT or graphitic island ͑where it is bond-saturated with other precipitated C atoms͒ or whether it is at the end/ edge of the nanotube or island. Distinguishing these types of precipitated atoms is important for the nucleation mechanism, and is based on DFT calculations 26, 27 that show that there is approximately an order-of-magnitude stronger interaction between bond-unsaturated carbon and Fe atoms than between bond-saturated carbon and Fe atoms.
The PES described above has been used to study the thermal properties of FeC cluster systems. 19 MD simulations based on this PES yielded the correct trends of the FeC phase diagram, where a eutectic was found at 20% carbon content by weight. In addition, the correct N Ϫ1/3 dependence of the cluster melting point on the number of atoms N in the cluster was obtained. These results support the validity of using this PES to study the thermal dynamics of FeC systems, and yield correct trends ͑phase behavior and melting point dependence on cluster size͒ that are important in the VLS description of SWNT growth.
B. Simulation methods
The trajectories were initialized by annealing the pure Fe N cluster, where N is the number of atoms, to its minimum-energy structure before heating it to the desired temperature. The cluster was propagated at this temperature for 100 ps to ensure thermal equilibrium, after which carbon atoms are inserted to the central part of the cluster. It should be noted that addition of carbon atoms to the cluster surface, instead of to the cluster center as done here, does not significantly effect the growth mechanism or SWNT structure. The rate of carbon atom insertion was varied from 1 atom per 10 ps to 1 atom per 100 ps. This carbon insertion rate is more than four orders of magnitude larger than the experimental rate, but is required for the simulation of SWNT nucleation within a reasonable computational time ͑several trajectories were propagated for each cluster size to ensure the statistical convergence of the results͒. As discussed in a previous paper, 18 this large insertion rate ͑which can be viewed as a high carbon feedstock pressure͒ may result in many defects in the simulated SWNT structure, but the growth mechanism is expected to be the same as that found under experimental growth conditions. The Berendsen velocity scaling method 28 was used to maintain the cluster at the desired temperature.
C. Validity of the simulation results
As with all MD studies, the validity of the results depends on the validity of the PES and simulation methods. In this work we focus on the diameter of the SWNT and the growth mechanism, and our calculations indicate that these results are not sensitive to moderate changes in the PES or trajectory conditions. For example, potential energy parameters that are important for the dynamics presented here ͑such as the interactions between the cluster and precipitated carbon atoms͒ can be modified by as much as 20% without affecting the results presented here. In addition, the SWNT nucleation and growth ͑including the increase in SWNT diameter during nucleation͒ depends critically on the difference between the bond-saturated and bond-unsaturated precipitated carbon atoms with the cluster ͑discussed above͒. Since this order-of-magnitude difference is also seen in DFT calculations, and the PES is fitted to these data, the dynamics caused by this part of the PES are expected to be valid.
It can also be noted that details of the SWNT structure ͑such as chirality͒ and growth rates are not presented here, since the PES and simulation methods are not expected to provide valid results for these properties. In particular, the rate of simulated SWNT growth is the same as the rate at which carbon atoms are added to the cluster ͑see discussion with respect to the supersaturated region in Fig. 2͒ , and since the addition rate is far larger than that for CVD experiments, the growth rate will also be higher. Similarly, the large number of SWNT defects obtained in the simulations ͑e.g., Fig.  1͒ , and that are not seen experimentally, are most probably due either to the large growth rate ͑which may prevent C atoms from finding their minimum-energy positions when adding to the growing SWNT͒, the short simulation times compared to experiment ͑which prevents possible thermal annealing of defects͒, or/and the omission of catalytic effects in the PES ͑which may be important in healing the SWNT defects as they appear on the cluster surface͒. For similar reasons, the chirality of the grown SWNT cannot be studied with the PES. These, more detailed questions require accurate forces, and are presently being studied in our group.
III. RESULTS AND DISCUSSION
A. SWNT nucleation on Fe N C clusters for NÄ50, 100, and 150 Figure 1 shows the nucleation of a SWNT on the surface of a Fe 150 C cluster. The growth mechanism is similar to that found for the Fe 50 C cluster, which has been discussed in a previous contribution. 18 It is also similar to the growth mechanism for all clusters containing more than about 20 Fe atoms, and is summarized with reference to Figs. 1 and 2 .
The solid line in Fig. 2 shows the time dependence of the dissolved carbon concentration in the Fe 150 cluster, and is obtained from the same trajectory that yields the structures in Fig. 1 . It is evident that there is a peak in the dissolved C concentration, which divides the nucleation into three distinct stages: ͑1͒ the unsaturated stage (tϽ2.4 ns) where the cluster is unsaturated in carbon atoms ͑all carbon is dissolved͒, ͑2͒ the highly supersaturated stage (2.4 nsϽt Ͻ4.9 ns) when the dissolved carbon concentration is largest, and ͑3͒ the supersaturated stage (tϾ4.9 ns) where the dissolved carbon concentration remains constant ͑and is slightly larger than the carbon content in Fe 3 C).
During the first stage all of the carbon atoms that are inserted into the Fe 150 cluster are dissolved. The dissolved carbon concentration continues to increase even when the cluster is saturated in carbon, and a highly supersaturated cluster is obtained ͑the peak in Fig. 2͒ . During the initial part of this supersaturated stage ͑stage 2͒, carbon atoms precipitate on the surface but dissolve back into the cluster. Only when the maximum dissolved carbon concentration is reached (Ϸ3.5 ns) do the precipitated carbon atoms begin to nucleate carbon strings or polygons ͓the dark gray atoms in Fig. 1͑a͔͒ instead of dissolving back into the cluster. At this stage the dissolved carbon concentration begins to decrease. The carbon strings or polygons are more stable than isolated carbon atoms ͑which can dissolve back into the cluster͒ and they nucleate the formation of larger graphitic islands ͓shown in dark gray in Fig. 1͑b͔͒ Once the islands have a diameter of about 0.6 nm they can lift off the cluster surface ͑given that the temperature is sufficiently large so that the kinetic energy can overcome the attraction between the graphitic island and the cluster͒. Islands of this size contain several polygons ͑mainly heptagons and pentagons͒ so that there are sufficiently many bond-saturated C atoms that interact fairly weakly with the cluster atoms. Once the carbon island lifts off the cluster surface-to form a graphite capthe dissolved carbon concentration remains constant at a supersaturated level ͑stage 3͒. During this stage the carbon atoms precipitate at the same rate at which they are inserted into the cluster, and they join at the open end of the graphite cap which increases in diameter and length. The diameter of the cap reaches a maximum when it is the same as that of the cluster, and at this stage all precipitating C atoms increase the length of the SWNT.
Although more than one graphitic island can form on the cluster surface, the larger islands are more stable than the smaller ones. The smaller ones thus dissolve back into the cluster while the larger one forms the graphitic cap ͓see Figs. 1͑b͒ and 1͑c͔͒.
The similarity of the solid, dashed, and dotted curves in Fig. 2 shows that the SWNT nucleation mechanism does not depend on the size of the catalyst particle for Nϭ50, 100, and 150. In all cases the cluster is highly supersaturated in carbon before carbon strings and polygons are nucleated, and the supersaturated dissolved carbon content during SWNT growth ͑stage 3͒ is constant. Since the cluster melting point depends on cluster size, the data in Fig. 2 were obtained at different temperatures for the various FeC clusters ͑about 900 K for Nϭ150, 800 K for Nϭ100, and 650 K for N ϭ50). However, as discussed previously, 18 moderate changes in the temperature do not affect the SWNT growth mechanisms.
B. Effect of metal cluster size on SWNT structure and diameter
It is known experimentally that controlling the catalyst cluster size can assist in controlling the CNT structure and diameter. MWNTs ͑Ref. 29͒ and SWNTs ͑Ref. 30͒ that grow from small catalyst clusters (Ϸ1 nm in diameter͒ have similar diameters as the catalyst particle. Also, experimental data suggest that the thinnest free-standing SWNT that grows catalytically is 0.6 -0.7 nm ͑Refs. 31 and 32͒ ͓zeolite templates are required to grow 0.4 nm SWNTs ͑Ref. 33͔͒. The 0.6 -0.7 nm lower limit for free-standing nanotubes may result from the high curvature energy, i.e., the curvature energy for 0.6 nm SWNTs is approximately 0.2 eV/atom, which is comparable to the thermal kinetic energy of about 0.12-0.19 eV/atom under typical CCVD conditions ͑900-1500 K͒, and approximately 0.6 eV/atom for 0.4 nm SWNTs. 34 If one assumes that the diameter of the free-standing SWNT is the same as the catalyst particle diameter, then the 0.6 -0.7 nm nanotubes grow from clusters that contain about 20 atoms ͑the diameter of Co/Ni/Fe atoms is about 0.25-0.27 nm͒. In agreement with this, recent experimental results show that SWNTs can grow from Co clusters that contain just 20-30 atoms. 35 Figure 3 shows typical simulated SWNT structures that are obtained from Fe particles that contain between 10 and 100 atoms. In order to isolate the effect of the cluster size, it was attempted to have the same growth conditions for all clusters. However, small variations ͑that do not affect the conclusions͒ were required due, for example, to the dependence of the cluster melting point on its size. Hence, a carbon atom was inserted into the Fe N C cluster every 80 (N ϭ10, 15, 20, and 30͒ or 40 ps (Nϭ50 and 100͒, and the simulation temperature was 800 (Nϭ10, 15, and 20͒, 900, (Nϭ30 and 50͒, or 1000 K (Nϭ100). The structure grown from the Fe 10 cluster ͑panel a͒ has the worst structure with many dangling bonds ͑i.e., the carbon atoms are bondunsaturated͒, and it is difficult to identify which carbon atoms are part of the tubular surface and which are on the inside ͑i.e., for larger clusters these atoms are distinguished as dark or light gray spheres͒. The structure grown from the Fe 15 cluster ͑panel b͒ is better than that grown from Fe 10 , although there are still some dangling bonds and the nanotube diameter changes during the growth process ͑seen as large ''dents'' in the tubular structure͒. The tubular structure of the SWNTs improve dramatically for clusters that contain at least 20 atoms. It is evident from Figs. 3͑c͒-3͑f͒ that, compared to growth from small clusters, SWNTs grown from clusters containing 20-100 Fe atoms have far better tubular structures, the diameters of these structures are constant during the growth, and very few dangling bonds are present.
It is also evident from Fig. 3 that, in addition to the larger clusters (Nу20) producing SWNTs with the best tubular structures, these clusters also produce SWNTs that have diameters similar to the cluster diameter. Hence, in agreement with the experimental results mentioned above, the thinnest, well-structured SWNT grows from the Fe 20 cluster, which has a diameter of Ϸ0.6-0.7 nm ͑since Ni and Co have similar diameters to Fe, the smallest Ni and Co clusters that produce well-structured 0.6 -0.7 nm SWNTs will also contain about 20 atoms͒. The simulated data shown in Figs. 3͑a͒ and 3͑b͒ also indicate that clusters with diameters smaller than 0.6 -0.7 nm do not produce thinner nanotubes, but that the SWNTs are still 0.6 -0.7 nm in diameter. However, as discussed above, these SWNTs have many defects and do not have a diameter that is constant over the length of the nanotube. The poor structure of these nanotubes is due to the fact that the Fe 10 and Fe 15 clusters are not sufficiently large to entirely cover the open end of the growing nanotube ͓see Figs. 3͑a͒ and 3͑b͔͒. As a result, addition of carbon atoms at the open end is not uniform around the nanotube circumference, but growth only occurs at the part of the nanotube wall that is in contact with the metal particle. At a later stage in the growth process the other regions of the nanotube wall come into contact with the metal particle which allows for the addition of more carbon atoms in these regions. This nonuniformity in the addition of carbon atoms increases with decreasing particle size, and hence more defects appear in the SWNT cluster.
The relationship between the SWNT and cluster diameters that is discussed above is explicitly shown in Fig. 4 . Except for Fe 10 and Fe 15 , the diameters of the cluster and the SWNT are similar. This is due to the strong attraction between the Fe cluster atoms and the bond-unsaturated C atoms at the graphitic cap edges. As illustrated in Fig. 1 , the size of the graphitic cap that lifts off the cluster surface is typically smaller than the catalyst diameter ͑at least for clusters larger   FIG. 3 . Dependence of the SWNT structure and diameter on cluster size. Panels ͑a͒-͑f͒ show typical structures that were obtained from clusters containing 10, 15, 20, 30, 50, and 100 Fe atoms, respectively. Carbon atoms that form part of the tubular surface are shown in light gray, carbon atoms inside the tube are shown in dark gray, and iron atoms are large gray spheres. than 0.6 -0.7 nm͒, but the cap diameter increases as carbon atoms are incorporated into the structure ͓Figs 1͑c͒-1͑e͔͒. The diameter of the cap continues to increase since this leads to an increase in the number of bonds between the cluster Fe atoms and the cap edge atoms. Since the diameter of the SWNT cannot be larger than the cluster diameter it remains constant once it has attained this maximum diameter, and only the length of the SWNT continues to increase as more C atoms are incorporated into the structure.
IV. CONCLUSION
MD simulations, based on an empirical PES, have been used to study the effect of iron cluster size on the mechanism of catalyzed SWNT growth and on the structure and diameter of the SWNT. The growth mechanism is similar for all cluster sizes studied ͑the clusters contained between 10 and 200 Fe atoms͒, and the simulated SWNTs nucleate at temperatures similar to those used in CCVD experiments. Nucleation begins when carbon atoms precipitate to the surface of a highly supersaturated iron-carbide particle. These atoms nucleate carbon strings and polygons that grow into larger graphitic islands, which lift off the surface to form graphitic caps. For large particles, containing at least 20 Fe atoms, the caps grow in diameter until they have the same diameter as the cluster. In this way well-structured SWNTs that have diameters similar to the metal cluster diameters are grown. Also, since the Fe 20 cluster is Ϸ0.6 nm in diameter, the thinnest well-structured SWNT that is grown also has this diameter. Smaller Fe clusters, which have 10 or 15 atoms, also grow SWNTs that are 0.6 -0.7 nm in diameter ͑i.e., the SWNT diameter is larger than the cluster diameter͒, but these nanotubes have very poor structures that contain many defects and bond-unsaturated carbon atoms. As discussed above, these findings are in agreement with experimental results.
